ABSTRACT: Polytetrafluoroethylene (PTFE) composites filled with Sr 2 Ce 2 Ti 5 O 16 ceramic were prepared by a powder processing technique. The structures and microstructures of the composites were investigated by X-ray diffraction and scanning electron microscopy techniques. Differential scanning calorimetry showed that the ceramic filler had no effect on the melting point of the PTFE. The effect of the Sr 2 Ce 2 Ti 5 O 16 ceramic content [0-0.6 volume fraction (vf)] on the thermal conductivity, coefficient of thermal expansion (CTE), specific heat capacity, and thermal diffusivity were investigated. As the vf of the Sr 2 Ce 2 Ti 5 O 16 ceramic increased, the thermal conductivity of the specimen increased, and the CTE decreased. The thermal conductivity and thermal expansion of the PTFE/Sr 2 Ce 2 Ti 5 O 16 composites were improved to 1.7 W m 21 8C 21 and 34 ppm/8C, respectively for 0.6 vf of the ceramics. The experimental thermal conductivity and CTE were compared with different theoretical models.
INTRODUCTION
The electronics industry is responding to increasing consumer demand in telecommunication devices and computers for cost-effective product miniaturization. [1] [2] [3] [4] [5] The requirement for denser and faster microelectronic circuits limits the use of conventional packaging materials. [1] [2] [3] [4] [5] The thermal conductivity and coefficient of thermal expansion (CTE) of packaging and substrate materials are critically important as they have to dissipate heat and must prevent mismatch with the CTE of Si. [1] [2] [3] [4] [5] [6] [7] [8] [9] Polymers and ceramics have extreme electrical, mechanical, and thermal properties for packaging materials. Hence, polymers filled with low-loss ceramics are suitable for electronic packaging and substrate applications.
Polytetrafluoroethylene (PTFE) has been used as an electronic substrate and in packaging applications because of its excellent dielectric properties (e g 5 2.1 and tan d 5 10 24 at 800 MHz) and chemical resistances. 10, 11 However, its applications are limited because the polymer has a low thermal conductivity (0.265 W/m 8C) 12 and a high CTE (100 ppm/8C). 13 Even though metals have a high thermal conductivity, they cannot be used as fillers because they affect the dielectric properties of the composites adversely. Hence, ceramics with low thermal expansion coefficients, high thermal conductivities, and low dielectric losses are preferred fillers. Sr 2 Ce 2 Ti 5 O 16 is a high-dielectric-constant, low-loss material 14 with a very low CTE (1.72 ppm/8C) and a moderate thermal conductivity.
The precise prediction of the thermal conductivity and CTE of a composite material is very important for the design of packaging materials and substrates. Several quantitative rules [15] [16] [17] [18] [19] and simulation techniques [20] [21] [22] [23] have been proposed for the prediction of thermal conductivity and CTE. In this article, we report the thermal properties of PTFE/Sr 2 Ce 2 Ti 5 O 16 polymer ceramic composites. Also, the experimentally observed thermal conductivity and CTE are compared with that predicted by theoretical models. 
EXPERIMENTAL
where The composites were characterized by the X-ray diffraction (XRD) technique with Cu Ka radiation (Philips X-ray diffractometer, Eindhoven, The Netherlands). The surface morphology of the composites was studied by scanning electron microscopy (Jeol-JSM 5600 LV, Tokyo). Differential scanning calorimetry (DSC) analysis was done with a PerkinElmer DSC 7 instrument (Waltham, MA). The instrument was computer-controlled, and calculations were done with Pyris software. Samples (5-10 mg) were sealed in aluminum pans and heated from 25 to 4008C at rate of 58C/min and were cooled to 258C at the same rate. An improved photopyroelectric (PPE) technique 24, 25 was used to determine the thermal conductivity of the PTFE/Sr 2 Ce 2 Ti 5 O 16 composites. A 70-mW He-Cd laser with a wavelength of 442 nm and an intensity modulated by a mechanical chopper (model SR540, Stanford Research Systems, Sunnyvale, CA) was used as the optical heating source. A PVDF film with a thickness of 28 lm and with NiCr coating on both sides was used as the pyroelectric detector. The out put signal was measured with a lock-in amplifier (model SR 830, Stanford Research Systems, Sunnyvale, CA). The modulation frequency was kept above 60 Hz to ensure that the detector, sample, and backing medium were thermally thick during the measurements. We verified the thermal thickness of the composites by plotting the PPE amplitude and phase with frequency at room temperature. Thermal diffusivity (g) and thermal effusivity were also measured from the PPE signal phase and amplitude. 26 From the values of g and thermal effusivity, the thermal conductivity and specific heat capacity of the samples were obtained.
Heat-treated cylindrical samples of dimensions (diameter 5 8 mm and height 5 10 mm) were used to measure the coefficient of thermal expansion (CTE z ) of the PTFE/Sr 2 Ce 2 Ti 5 O 16 composites using thermomechanical analyzer (TMA-60 H, Shimadzu, Kyoto, Japan) in the temperature range of 25-2708C. Figure 2 (a), the average particle size of the Sr 2 Ce 2 Ti 5 O 16 powders used for the composite preparation was less than 10 lm. Also, the particles were of irregular shape with a nonuniform distribution. The nonuniformity in size, shape, and distribution of the particle was attributed to the grinding of the samples prepared at high temperatures (13008C). The Sr 2 Ce 2 Ti 5 O 16 particles were well dispersed in the PTFE matrix; however, at higher mixing ratios, crowding of the ceramic particles was observed [see Fig. 2(d) ]. Hence, for higher mixing ratios, the connectivity among the ceramic particles increased, which in turn, increased the conductive properties.
RESULTS AND DISCUSSION
DSC measurements provide qualitative and quantitative information as a function of time and temperature for transitions in materials that involve endothermic or exothermic processes. The effective thermal conductivity of a composite is strongly affected by its composition, structure, intrinsic thermal conductivities, filler particle size, shape, and interfacial thermal resistance. The interfacial thermal resistance has a significant effect on the thermal conductivity of a composite. 29, 30 It arises from the combination of poor mechanical or chemical adherence at the interface and a mismatch in CTE. 30 However, no experimental method seems to be available for the direct measurement of interfacial thermal resistance. 29 A single equation for the prediction of thermal conductivity applicable to all systems is not possible. However, to predict the effective thermal conductivity of composites, researchers have developed a number of equations and theoretical models. In this study, the following equations were used to calculate the thermal conductivity theoretically: Geometric mean model:
Agari equation:
Nielsen equation:
Cheng-Vachon equation:
where A(-3) is a function of geometry of the filler particles and / m is the maximum filler content.
where k c , k m , and k f are the thermal conductivities of the composite, matrix, and filler, respectively, and / is the volume fraction of the filler.
The geometrical mean model and Maxwell equation predicted a thermal conductivity less than that of the experimental values. Agari and Uno 31 developed a logarithmic relation involving two constants, C 1 and C 2 , for the prediction of thermal conductivity. C 1 is the measure of the effect of particles on the secondary structure of the polymer, and C 2 measures the ease of particles to form conductive chains. The values of the constants C 1 and C 2 were found from data fitting. Table I shows values of the constants C 1 and C 2 in the Agari equation for some of the ceramic polymer composites reported in the literature and (3) and / m (0.64) were chosen for irregularly shaped particles. 18 The shape of the particles was confirmed by SEM pictures (see Fig. 2 ). The equation by Nielsen was very accurate in predicting the thermal conductivity for the PTFE/Sr 2 Ce 2 Ti 5 O 16 composites except for 0.5 vf. The Cheng-Vachon model predicted the effective thermal conductivity with the assumption of a parabolic distribution for the filler materials. This model failed to predict the effective thermal conductivity accurately. Among the five models that we tried, good fitting was obtained for the Nielsen model, which included the shape parameters of the fillers. Figure 5 shows the variations in the specific heat capacity and thermal diffusivity of PTFE/Sr Figure 6 . Sr 2 Ce 2 Ti 5 O 16 had a CTE of 1.72 ppm/8C (standard deviation 5 0.1 ppm/8C) in the temperature range 25-2708C. If a composite is heated, the polymer matrix will expand more than the ceramic fillers. However, if the interphases are capable of transmitting stresses, the expansion of the matrix will be reduced. 35 The CTE showed a gradual decrease with increasing filler content. A dramatic improvement in the CTE of PTFE was observed (34 ppm/8C from 99.3 ppm/8C) for a 0.6-vf loading of the filler ceramic. The most common equation for the prediction of the CTE of composites is the rule of mixtures:
where a c , a m , and a f are the coefficients of thermal expansion of the composite, matrix, and filler, respectively, and / is the volume fraction of the filler. The rule of mixtures can be used for the prediction of the CTE of composites. The calculated values were slightly higher than the experimental ones. This may be due to differences in the microstructure, bulk modulus, and thermal softening of the components in the composites, which were not accounted for in this relation. 
CONCLUSIONS

